The partly varved and well-dated sediment record of Lake Tiefer See (NE Germany) allowed the high resolution paleolimnological reconstruction of the lake evolution during the whole Holocene. This paper presents results of subfossil Cladocera analysis. During the Holocene, the fauna of subfossil cladoceran was represented by 36 species belonging to 6 families. Cladocera were dominated by typical open-water species, belonging especially of the Bosminidae family. The sediment record of Lake Tiefer See exhibited distinct decadalto centennial-scale alternations of well-and non-varved intervals, which were related to changes in the thermal circulation of the lake water column. In general, well varved sediments were deposited during periods of reduced lake circulation, and were characterised by maximum abundance of Cladocera, whereas non-varved sedimentation phases occurred during periods of increased lake circulation and showed a lower number of Cladocera specimens. The most suitable conditions for the development of cladoceran fauna occurred during the early Holocene and from ~2055 -725 yr cal BP. On the basis of the increasing number of species associated with high lake productivity, eight stages of increasing trophy were inferred. The first two were attributed to climate warming, while the next six to human impact. Higher human driven trophic conditions of Lake Tiefer See occurred in the periods 5750-5500 and 4500-4100 yr cal BP, and four times from 1000 to 50 yr cal BP. During the last 750 years and in the period from 6000 to 2500 yr cal BP, the species of Eubosmina produced extreme morphs. The cyclomorphosis of Eubosmina was likely connected to more pronounced changes in the lake environmental conditions
INTRODUCTION
Annually laminated (varved) lacustrine deposits enable high resolution reconstruction of past environmental and climate changes. Since such sediments are relatively rarely deposited in lakes, and are therefore seldom analysed, they represent important material for paleolimnological studies. A number of studies primarily deal with issues related to laminae, such as the process of their formation and preservation (Brauer and Casanova, 2001; Zolitschka et al., 2015; Kemp, 2016) and methods for searching for lacustrine sediments, especially those with well-preserved annual lamination (Brauer et al., 1999; Brauer, 2004; Mingram et al., 2007; Tylman et al., 2012; Wulf et al., 2016) . An important issue regards also type and structure of laminae (Sturm, 1979; Sturm and Lotter, 1995; Zolitschka, 2007) .
Lake Gościąż (Poland) , which was investigated in the 1990s and presents annually laminated lacustrine sediments deposited during the last ca. 13000 years, has become a reference site for Central Europe and a stimulus for a number of further extensive search for lakes with visible, well-preserved annually laminated sediments (Brauer and Casanova, 2001; Kinder et al., 2013; Tylman et al., 2013) . Especially lakes with a complete sequence of lamination from their initial period to present day represent the most valuable study material. These deposits allow the annual resolution of the lake chemical and biological (e.g., deposited plant and animal remains) composition, which are recorded by the varves. An important aspect of varved sediments is their seasonal lamination (summer-winter), which implies that both ecological and climatic changes occurring in the past can be followed with an extremely high accuracy (Ralska-Jasiewiczowa, et al., 1998; Szeroczyńska, 1998a; Last and Smol, 2001; Nykӓnen et al., 2010) . The remains of invertebrates, Cladocera in particular, are an important, well preserved and taxanomically well known autochthonous element of lacustrine sediments, and due to their role of primary consumers they are considered to be important bioindicators of both bottom up and top-down ecological drivers of lakes (Hann et al., 1994; Manca and Comoli, 1996; Szeroczyńska, 1998b; Jeppesen et al., 2000; Korhola and Rautio, 2001; Chen et al., 2010; Niska and Mirosław-Grabowska, 2015) . Sediment remains of Cladocera are one of the basic elements of the paleolimnological analysis (Boucherle and Züllig, 1983; Hall and Smol, 1996; Van Damme and Kotov, 2016) .
185
The analysis of subfossil Cladocera was performed for a number of lake locations in Europe, but mostly nonvarved deposits were analysed (Sarmaja-Korjonen, 2001 ; Kamenik et al., 2007; Manca et al., 2007; Zawisza and Szeroczyńska, 2007; Bennion et al., 2011; Kulesza et al., 2011; Mirosław-Grabowska and Zawisza, 2014; Zawiska et al., 2015; Nevalainen and Luoto, 2016; Milan, 2016) . On the contrary, studies on the subfossil Cladocera fauna in varved sediments was conducted for only some locations in Europe so far, mainly in Germany, Poland, Switzerland and Scandinavia (Hofmann, 1993a (Hofmann, , 2001 Szeroczyńska, 1998a; Nykӓnen et al., 2010) .
The annually laminated sediment record from Lake Tiefer See allowed the detailed reconstruction of climate and environmental changes during the Holocene (Kienel et al., 2013; Drӓger et al., 2016; Wulf et al., 2016) . The present study presents the results of subfossil Cladocera analysis performed on the entire sediment record from Lake Tiefer See (NE Germany). The main objectives of this study were to reconstruct the long term evolution of the Cladocera community and to describe the ecological conditions of the lake from its origin to the modern time. Furthermore, this study aimed also at comparing the results obtained from the analysis of Cladocera remains collected from Lake Tiefer See, with those previously obtained from Lake Gościąż (Central Poland). Lake Gościąż was selected for its comparable geographical location and environmental features respect to Lake Tiefer See and for the fact that so far this represents the sole lakes with almost entirely varved sediments, where analysis of subfossil cladoceran was performed.
METHODS

Principal study sites: Lake Tiefer See
Lake Tiefer See is located in NE Germany (53°35.5 ' N, 12°31.8 ' E) in the region of Mecklenburg Vorpommern (Fig. 1) . The lake originated during the last glaciations and well-varved, poorly-varved and non-varved sediments , and a maximum depth of 62 m. The lake is 1 km long and its maximum width is around 400 m. The lake is located in the German region affected by oceanic climate, where average January air temperature is 0°C and July temperature about 18°C. Currently the lake is a dimictic to monomictic, mesotrophic, with electric conductivity of 575 µS cm -1 (Kienel et al., 2013; Drӓger et al., 2016) . In 2011 and 2013 several sediment cores were collected, on which basis a composite 1083 cm long profile was constructed . Due to sediment loss during coring, the sediment profile contains two gaps (at 769.5 cm 956.5 cm depth), each one probably of several decimetres length (Fig. 2) . Due to these gaps a continuous composite profile could only be constructed for the upper 770 cm of the sediment profile, covering the past ca. 6000 years. The chronology for the upper part of the profile was established by a multiple dating approach, including varve counts, AMS 14 C dating, and tephrochronology (Kienel et al., 2013; Drӓger et al., 2016; Wulf et al., 2016) . Chronology uncertainties vary along the sediment record and amount to ±85 years at the base of the studied interval at 6030 yr cal. BP. The poor age control in the lower part of the sediment profile, i.e. below 770 cm depth only, allowed a descriptive data evaluation. The lacustrine sediment deposition started at about 1070 cm depth, and early sediments were mainly composed of calcite, plant remains and minerogenic detritus. From ca.1040 cm depth upwards, organic rich sediments were characterized by alternating well-varved, poorly varved and non-varved sediment sequences. Well-varved sediments are mainly composed of sublayers formed by carbonates (calcite and Ca-rhodochrosite), diatoms and organic matter (Drӓger et al., 2016; Wulf et al., 2016) . Poorly-and non-varved sediment sections are enriched in quartz grains, plant fragments, benthic diatoms and occasionally bivalves. All ages in this study are given as calibrated years before present (yr cal BP), and as Anno Domini (AD) years in the historic period.
Site for comparison study: Lake Gościąż
Lake Gościąż (52°35 ' N, 19°21 ' E) is located on the Vistula terrace (central Poland, Fig. 1 ) and belongs to a complex of four connected lakes (Na Jazach lake system, Gostynińskie Lake District). The lake is located at 64.3 m asl, its current area is 41.7 ha, its maximum depth is 24 m, and its mean width and length are ~400 m and 1168 km, respectively. The lake is located in the oceanic climate zone with average January air temperature of -2.8°C Fig. 2 . Percentage composition of the subfossil Cladocera species, and total Cladocera sum in the sediments of Lake Tiefer See (composite profile). Dotted vertical grey arrows (on Bosmina longirostris) indicated stages of trophic increase. 1, section with well developed varved (regular laminae); 2, non-varved section; 3, poorly varved section; 4, 11,492±253 yr cal BP±2σ (Drӓger et al., 2016) . and July temperature of ca. 18°C (Ralska-Jasiewiczowa et al., 1998) , and is currently in mesotrophic to eutrophic conditions. Lake Gościąż was formed during the last glaciations. During the Late Glacial and the Holocene, sediments of gyttia type were deposited in the lake. They are well varved, except for the youngest sediments (especially since about 1550 yr cal BP, profile G1/87).
Cladocera analysis
The analysis of subfossil Cladocera was performed at 2-5 cm resolution for the last 6000 years of sedimentation at Lake Tiefer See, i.e. from 0 to 770 cm sediment depth, while the sediments below 770 cm depth were analysed at 5-10 cm resolution (700-1065 cm). Due to the two gaps located at ca. 770 and 957 cm depth (Fig. 2) , a robust chronology exists only for the upper 770 cm of the sediment profile (Drӓger et al., 2016) . Therefore, the Cladocera data obtained from the topmost 770 cm are presented both with respect to the time and depth scale, whereas data below 770 cm are presented only along the depth scale, and hence are only presented in a descriptive way.
Sediments were analysed for physical parameters and mineralogical composition (Drӓger et al., 2016) . The analysis of subfossil Cladocera was performed in accordance with the generally accepted standard methods (Frey, 1986; Korhola and Rautio, 2001) . After removal of carbonates, each sample (1 cm 3 of fresh sediment) was macerated in a 10% KOH solution, and washed through a 33 µm sieve. The obtained residuum was analysed under an optical microscope (OLYMPUS) at 100 to 400 magnifications. Cladocera species were identified based on the studies by Hofmann (1993b Hofmann ( , 1999 , Flössner (2000) , Szeroczyńska and SarmajaKorjonen (2007) and Korosi et al. (2010) . Cladocera ecological preferences were defined as in Flössner (2000) , and Błędzki and Rybak (2016) . The percentage composition of Cladocera, the ratio of planktonic to littoral species, and the total number of identified individuals in cm³ sediment were graphically represented using C2 (Juggins, 2007) , while the homogeneous Cladocera zones were identified using the CONISS statistical method. Tentative statistical analyses of Cladocera results provided no significant correlation between Cladocera and geochemical proxies (see Drӓger et al., 2016 for further details). The exception is represented by the last ca. 100 years, which are characterized by higher trophic conditions, increasing organic carbon and calcite contents, which resulted to be related to changes in subfossil Cladocera (Kienel et al., 2013) .
The results of the morphological analysis of Cladocera remains from Lake Tiefer See were compared with the results obtained in the 1990s for the laminated sediments of Lake Gościąż (with a resolution ranging from 10 to 50 years), which were published in a monographic study (Ralska-Jasiewiczowa et al., 1998; Szeroczyńska, 1998a) .
RESULTS
The subfossil Cladocera fauna in the sediments from Lake Tiefer See was represented by 36 species belonging to 6 families ( Fig. 2) . Pelagic Cladocera species dominated during the whole history of the lake, especially those belonging to the family Bosminidae Baird. Littoral individuals from the family Chydoridae Stebbing, were represented by numerous species but showed with very low frequency (Figs. 2 and 3 ). Fig. 3 shows the comparison of long term changes in the proportion of pelagic and littoral cladoceran species in the partially varved Lake Tiefer See and in the completely laminated Lake Gościąż.
As mentioned before, no significant relation was found between changes of the Cladocera assemblage and geochemical sediment parameters. The exception is represented by the last ca. 100 years, which are characterized by higher trophic conditions, increasing organic carbon and calcite contents, which resulted to be related to changes in subfossil Cladocera (Kienel et al., 2013) . While the sediment records included four distinguished units with well-varved sediments and four units with poorly or non-varved sediments (Fig. 2) , the CONISS analysis revealed seven main cladoceran zones in relation to the species composition and the total number of cladoceran specimens, which correspond to the development phases of the lake. The first two phases corresponded to the sediment interval below 770 cm depth, while the last 6000 years are subdivided in five phases (Fig. 2) .
In phase I (1065-970 cm) the Cladocera were represented mainly by pioneer species, i.e. Alonella nana Baird (up to 29%), Chydorus sphaericus (O.F. Müller) (up to 13.5 %), Alona affinis (Leydig) (up to 8.3%) and Acroperus harpae (Baird) (up to 4.7%, Fig. 2 ). Planktonic species were dominated by forms occurring also in shallow waters, such as species from the group of Daphnia longispina O.F. Müller and Bosmina longirostris (O.F. Müller). The density of Cladocera individuals gradually increased and at the end of the phase reached the number of 15,150 individuals per 1 cm 3 (ind cm -3 ) of sediment ( Fig. 2) . During the phase II (970-715 cm) Cladocera reached the highest density in the sediment profile, i.e. 21750 ind cm -3 at the depth of 871 cm (Fig. 2) . The beginning of this phase was characterized by the dominance of planktonic forms, including mainly species of the family Bosminidae (Figs. 2, 3 and 4). In particular the specie B. longirostris, which is a species preferring waters rich in nutrients, reached 64.5% of the total Cladocera abundance while the relative abundance of the species Eubosmina Seligo group was over 30%. Particularly noteworthy are the extreme morphs produced by species of the group Bosmina (E.) longispina Leydig (Brooks and Dodson, 1965) , which were observed at the end of phase II ( (Fig. 5) . Phase II was also distinguished by the increased abundance of C. sphaericus (14%), a littoral species occurring mostly in the pelagic zone, as well as of Alonella excisa (Fischer) (up to 4%), an acidophilous littoral species. As well as in phase II, also in phase III (715-584 cm, ca. 5400-4076 yr cal BP) planktonic forms were mainly represented by Bosminidae with a very long mucro. Moreover, this phase was characterized by the appearance of Bosmina (E.) coregoni Baird with very short antennae, and by high densities (up to 5.6%) of the planktonic predatory species Leptodora kindti (Focke).
During the phase IV (584-477 cm, ca. 4076-2890 yr cal BP) the cladoceran zooplankton registered a decrease in "eutrophic" species B. longirostris and an increase in Eubosmina group. Extreme morphs occurred in slightly smaller numbers compared to the previous phase, which was also accompanied by the reduced count of L. kindti. Noteworthy is the increased development of species of the group D. longispina (over 10%). Among littoral species, Monospilus dispar Sars and Rynchotalona falcata (Sars) reached the maximum abundance, i.e. over 3% and 9.6%, respectively. Cladocera reached here the lowest density in the history of Lake Tiefer See, which ranged from 4250 to 6550 ind cm -3 . Phase V (477-389 cm, ca. 2890-2055 yr cal BP) was distinguished by a significant abundance (up to 30%) of B. (E.) longispina with very long mucros (Fig. 2) . Species of the D. longispina group also occurred in relatively large numbers, as well as the acidophilous littoral species A. excisa and Graptoleberis testudinaria (Fischer).
Phase VI (389-185 cm, ca. 2055-725 yr cal BP) was characterised by large fluctuations in the frequency of both planktonic and littoral species (Fig. 3) , based on which three sub-phases were distinguished (VIa, VIb, VIc; Fig. 2 ). Frequency of Cladocera specimens increased from 5150 ind cm -3 in VIa to 16,350 ind cm -3 in VIb and only a very few extreme morphs were found in these subphases. Subphase VIc was characterised by the presence of Eubosmina species with very short antennae, and by Bosmina (E.) reflexa Seligo, which was identified for the first time in this layers. Pleuroxus leavis Sars and C. sphaericus reached in VIa and VIc a considerable abundance over 6% in the littoral zone, while the total number of all individuals amounted to more than 16,000 ind cm -3 in sub-phase VIb (Fig. 2) . Phase VII (185-0 cm, ca. 725 yr cal BP to modern time) was characterised by large fluctuations in the species frequency, on the basis of which three sub-phases were distinguished (Fig. 2) . Phase VII registered a re-occurrence of extreme morphs of B. (E.) longispina type with a very long mucro, while the "eutrophic" species B. longirostris increased significantly, reaching over 80% of the relative abundance in sub-phase VIIb. Sub-phase VIIa highlighted an overall decline in the total abundance of Cladocera (Fig. 2) , which was accompanied by the complete disappearance of certain species (e.g. Alonella Sars, Pleuroxus Baird, Alona Baird) and a significant contribution of C. sphaericus (up to 0.9%). It was observed that planktonic species, especially taxa preferring nutrient-rich waters, developed again at the end of the phase (VIIc), with B. longirostris (ca. 65%) as a dominant species.
Reconstructed vegetation showed higher openness during the periods ca. 3900-3100, 2700-2200 and 750 yr cal BP ( Fig. 4 ; see Drӓger et al., 2016 for further details).
DISCUSSION
Phases of the lake development
The analysis of species composition and changes in the frequency of subfossil Cladocera represented in the lacustrine sediments of Lake Tiefer See allowed the reconstruction of the lake evolution. On the basis of the characteristics of Cladocera assemblages in Lake Tiefer See seven main phases of lake development during the Holocene were distinguished.
Phase I corresponded to the initial period of the lake evolution, which is likely attributable to the end of the Late Glacial period and the early Holocene (RalskaJasiewiczowa, 1998; Brauer et al., 1999) . Autochthonous lacustrine non-varved sediments were deposited during this stage. The presence of Cladocera pioneer species occurring in association with aquatic vegetation (A. harpae, A. affinis) indicates lower water level or/and pronounced re-deposition of sediment from the littoral zone of the lake. The occurrence of planktonic species (Eubosmina, and D. longispina group) and the high total number of Cladocera at the end of this phase indicated more stable conditions, and that water temperature and edaphic conditions progressively became very favourable for the zooplankton growth (Frey, 1986; Jeppesen et al., 2000; Korosi and Smol, 2012) . Such a picture is often found in lacustrine sediments deposited during the transition between the Late Glacial and the Early Holocene period (Szeroczyńska, 1998a (Szeroczyńska, , 2006 Zawisza and Szeroczyńska, 2007; Kulesza et al., 2011; Zawiska et al., 2015) . The species composition of subfossil Cladocera during phase II indicated optimal lake environmental conditions. During this time well-varved sediments were deposited (with two gaps of sediments in the composite profile (Alhonen, 1970; Sarmaja-Korjonen, 2001; Korosi and Smol, 2012) . Probably the sediments of phase II were mainly deposited during the Holocene Climatic Optimum. The growth of Cladocera fauna was obviously affected by warm and humid climate prevailing in the Atlantic period. Noteworthy is the high abundance of B. longirostris, a species preferring waters with a higher trophic status, as it confirms the high lake productivity (Szeroczyńska, 1998b; Jeppesen et al., 2000; Manca et al., 2007; De Sellas et al., 2008) . Phase III probably coincided with the first half of the Subboreal period. The deposition of the well-varved sediments continued in the lake during this stage. After the Holocene climate optimum (ca. 8000 to 3500 cal yr BP), during which warm temperature and edaphic conditions prevailed, both planktonic and littoral Cladocera decreased. The observed morphological modifications, i.e. changes in the shape and size of Bosminidae individuals, indicated that either water level oscillations and/or high predation pressure from both invertebrates and fish, as previously outlined by several studies conducted at the lake (e.g. Kerfoot, 1981; Korosi et al., 2008 Korosi et al., , 2010 Korosi et al., , 2013 Swetmann and Finney, 2003; Sakamoto et al., 2007; Sakamoto and Hanozato, 2008; Błędzki and Szeroczyńska, 2015) .
The climate conditions probably changed during phase IV and became cool (windy) and humid. Such a picture has been often observed during the Subboreal to Subatlantic climate transition (Milecka and Szeroczyńska 2005; Zawisza and Szeroczyńska 2007) . Probably water mixing and water-level fluctuations increased at that time (Drӓger et al., 2016) , thus enhancing water turbulence and turbidity and preventing both a stable deposition of sediments and the development of zooplankton. In fact non-varved sediments were deposited during this time. Higher water turbidity (low transparency) and circulation are generally considered as not conducive to biological production including the growth of Cladocera fauna (Cottenie and De Meester, 2003; Korosi et al., 2013) . Such environmental conditions are manifested by changes in the frequency of Daphnia individuals as well as of littoral species. During this phase, lake waters were also probably relatively poor in nutrients, which most likely contributed to the significant drop in the abundance of all Cladocera species. R. falcata, which is a littoral species frequently present in Lobelia-type lakes, occurred in large numbers at that time, thus indicating oligotrophic conditions (Milecka and Szeroczyńska, 2005; Błędzki and Rybak, 2016) .
Phase V coincided with the initial phase of the humid and relatively colder Subatlantic period (after ca. 2600 yr cal BP). During this phase poorly varved sediment was deposited and the total abundance of Cladocera was only slightly higher compared to phase IV. This period was characterised by the high contribution of extreme forms. Morphological modifications of Bosminidae not only protect them against predators, but may also reduce the effectiveness of swimming and consequently increase the resistance of animals against unfavourable hydrodynamics of water (Gliwicz and Pijanowska, 1989; Gliwicz et al., 2000; Korosi et al., 2013) . Perhaps stronger wave motion and frequent water mixing induced an increased production of these extreme morphs. In the second part of the phase, since ca. 2400 yr cal BP, environmental conditions in the lake considerably improved. Bosminidae produced only "normal morphs", and the abundance of plankton increased. The climate became warmer and the water temperature became conducive to the development of the fauna (Gliwicz, 1990; Günter and Lieder, 1993; Jeppesen et al., 2000; Korosi et al., 2013) .
After a fairly long period of relatively adverse lake conditions, edaphic and temperature conditions improved during the Phases VI. Well varved sediment (unit VI) was deposited during the warmer part of Subatlantic period, and the total abundance of zooplankton increased. Both pelagic and littoral Cladocera species experienced favourable conditions for their development. During this period, Bosminidae produced only rare extreme morphs, which may indicate a reduced pressure of predators and/or more stable hydrological conditions (Jeppesen et al., 2000; Nevalainen and Luoto, 2016) . The water temperature was optimal for the development of most Cladocera species (e.g., P. laevis, Camptocercus rectirostris Schoedler), indicating favourable climate conditions (Błędzki and Rybak, 2016) . The record of species indicating increased nutrient availabilities (i.e. Alonella exigua (Lilljeborg), Disparalona rostrata (Koch), Pleuroxus uncinatus Baird), probably reflects short-term fluctuations in the trophic conditions of the water, which might reflect the first human impact on the Lake Tiefer See ecosystem. In fact vegetation openness reconstructed from pollen data has been related to human activity within the lake catchment During phases VII, which spans over the last millennium, non-varved (in subphases VIIa-b) and well varved sediments (unit VIIc) were deposited. The species composition and low Cladocera density indicate that during this part of the Subatlantic period the conditions in the lake were very unstable, thus confirming the types of sediment depositions. The production extreme morphs of Bosmina was supposed to be related to water mixing and water level fluctuations (Hellsten and Stenson, 1995; Lord et al., 2006) . The reduced frequency and disappearance of certain species was observed in the sediment deposited ca. 640-440 yr cal BP, and ca. 300 years ago. These changes might be interpreted as the result of both climate cooling and reduction in the lake nutrient level during the Little Ice Age (Drӓger et al., 2016) . The conditions in the lake changed again during the deposition of the youngest sediments (varved sediment unit in phase VII). The occurrence of taxa indicating higher nutrient availability may indicate an inflow of nutrients into the lake and an increased the zooplankton production both in the pelagic and littoral zone. cladoceran fauna along the sediment core from Lake Tiefer See indicated the lake basin as deep during its whole history, and with a well-developed pelagic zone, as indicated by the dominating planktonic species. The most suitable conditions for the development of water fauna occurred during phases II and VI, which well correspond to the deposition of well-varved sediments. On the contrary, lower frequency of cladoceran individuals was observed during stages of non-and poorly varved sediment deposition (especially Cladocera phase IV and sub-phase VIIa). A different situation was noted in the non-varved sub-phase VIIb, where the total number of cladoceran increased, due to the high density of B. longirostris, i.e. a species preferring high nutrient availability. This indicates a recent increase in the lake trophic status in relation to anthropogenic impact. The lower cladocera specimen number in poorly-and non-varved intervals in contrast to well-varved sediment phases implies that increased lake circulation might have negatively affected cladoceran populations in the lake, as observed by Jeppesen et al., (2000) and Cottenie and De Meester (2003) . The planktonic B. longirostris and the littoral C. sphaericus occurred with high abundance in Lake Tiefer See. Both species are often dominant in eutrophic freshwater bodies (Alhonen, 1970; Hofmann, 1996; Szeroczyńska, 1998a Szeroczyńska, , 1998b Korhola and Rautio, 2001; Sarmaja-Korjonen, 2001; Schmidt et al., 2001) . However, taking into account the high occurrence of other pelagic species, which prefer lakes with lower trophy, it can be presumed that Lake Tiefer See was never extremely eutrophic, and the lake oscillated during its evolution between alpha-and beta-mesotrophic status. Eight stages of increasing trophy, indicated by species associated with high lake productivity, were identified, in particular between 5750-5500, 4500-4100 and 750-50 yr cal BP. Increases in the nutrient availability were likely more related to climatic conditions during the early Holocene, and to combined climate and anthropogenic factors during the late Holocene. Increasing abundance of B. longirostris indicated higher productivity and an increased contribution of this species to the cladoceran fauna of Lake Tiefer See was also observed in earlier periods, especially during the first stage of the lake development, which was accompanied by a considerable growth of littoral species. Sediments of many lakes (both deeper and shallow, lowland and mountain lakes) show such a picture in the early Holocene (Szeroczyńska, 1998a (Szeroczyńska, , 2006 , when climate warming, and hence the rise in water temperature, provided good conditions for the development of flora and fauna. The second major increase in the abundance of B. longirostris in Lake Tiefer See was observed at a depth of ca. 900 cm, which was accompanied by the maximum increase in the number of species individuals. Such a picture is often observed during the Holocene Climate Optimum when the plankton, reached the maximum growth especially in deeper lakes (Milecka and Szeroczyńska, 2005) . The increased trophic status of the lake observed during the period from approximately 6000 yr cal BP to the modern times was mainly the effect of anthropogenic activity, rather than climate. However, not all periods of anthropogenic activity are reflected by changes in productivity of Lake Tiefer See, such as phase IV and V, non varved sediments units II and IV. A probable cause might be the increased circulation in the lake during these intervals (restricted transmission of light) which significantly influences Cladocera growth.
Comparable trophic changes in response to human impact, i.e. during the periods 5850-5450, 4400-3800, 1950-1700 yr cal BP, have been reconstructed on the basis of subfossil Cladocera analyses in Lake Gościąż (RalskaJasiewiczowa et al., 1998; Szeroczyńska, 1998a) . Similarly as in Lake Tiefer See, the highest increase in the trophic status occurred in the period from 750 yr cal BP until the modern times. Generally Lake Gościąż was classified as meromictic, mesotrophic, while Tiefer See is dimictic, and maintained an oligo-or mesotrophic character during its development. At present Lake Gościąż, unlike Lake Tiefer See, is classified as eutrophic. Despite the fact that Lake Gościąż is even more isolated from the direct human impact, the process of eutrophication is much faster compared to Lake Tiefer See. This is primarily due to its much smaller depth and constant stratification (meromixis). (Hofmann, 1996; Gasiorowski and Szeroczyńska, 2004; Faustova et al., 2011; Błędzki and Szeroczyńska, 2015) . As most of the lakes, where these forms have been identified, are mesotrophic, it may be assumed that trophic conditions and water temperature are the decisive factors for the existence of different Eubosmina subspecies. Hofmann (1993b; 1996) determined high diversity of Eubosmina by measuring the mucro length and determined that the variability of Eubosmina species was evolutionary. In his papers on lakes Grosser Segebergersee, Grosser Plönersee and Bodensee (Lake Constance), Hofmann (1984) described cladoceran species that are characteristic of a given climate period. (Milecka and Szeroczyńska, 2005; Błędzki and Szeroczyńska, 2015) and in Lake Tiefer See (Germany), an alternating (non-evolutionary) occurrence of different Eubosmina forms was found at different sediment depths. Despite the similarities between the two varved lakes Tiefer See and Gościąż, the latter showed a pronounced scarcity in the abundance of Bosminidae and, in particular, the lack of extreme morphs. This raises an important question of why there were so many morphs in Lake Tiefer See and what was the main cause of their increased production. Furthermore, it is still not known whether the development of different morphs is connected with thermal or other physical conditions, or to water chemical changes.
Cladocera morphology
Interestingly
The results from the analysed lakes in Poland and Germany allow the assumption that the change in lake productivity was the driver for morphological variability of Cladocera. In Poland, subfossil Cladocera were analysed mainly in lakes with higher trophic status, from mesotrophic to hypertrophic, while studies on sediments from deep oligotrophic mountain lakes revealed a practically complete absence of species belonging to the Bosminidae family. Oligotrophic lakes in the Tatra Mountains (Szeroczyńska, 2006; Sienkiewicz and Gąsiorowski, 2016) , probably had such a low availability of nutrients during the whole Holocene, that edaphic conditions were almost never suitable for the Bosminidae existence. B. longirostris was found only in the sediment deposited during the modern time. It seems that the occurrence of Bosmina, especially B.(E) coregoni and its morphological variants, is mainly related to edaphic conditions (Cottenie and De Meester, 2003) , and it can be assumed that the mesotrophic state of waters is favourable for the development of some variations of Eubosmina (Hofmann, 1996; Korosi et al., 2010) . Probably the mesotrophic status of Lake Tiefer See provided good conditions for abundant occurrence of planktonic species, but the question still remain on what factors can induce the development of these varieties, including extreme morphs? Why Eubosmina morphs characterised by a very small head shield with very short antennae occurred only in varved sediment intervals, while morphs with very long mucros dominated in non-varved sediment sections? Such forms were also found in varved sediments deposited in the period 5500-4000 yr cal BP. For years the occurrence of different morphs of Bosminidae represented a problematic issue for the researchers (Brooks and Dodson, 1965; Kerfoot, 2006; Sakamoto and Hanazato, 2008; Błędzki et al., 2013; Korosi et al., 2013; Błędzki and Szeroczyńska, 2015) . Most researchers suggest that the main reason for producing morphological variations is the adaptation of the species to extreme conditions. The variations in size and the production of different morphs protect the individuals from predation. In the case of Bosminidae, it provides protection from predation by other invertebrates. In fact it has been shown that Bosminidae often reduces their body size to get protected from predation by Copepoda (Sakamoto and Hanazato, 2008) . Another adaption consists in a significant increase of the body size (e.g., extending antenna or mucro) to reduce the risk of predation from other Cladocera, such as L. kindti. These morphological changes could be observed in Lake Tiefer See, where the increased frequency of B. (E.) longispina with a very long mucro correlates with high relative abundance of L. kindti. Through the mechanism of direct identification of predators, also Daphniidae Straus can significantly reduce or increase their body size by producing high helmets and long spines to be protected from fish predation. However, not only their ability to detect the threat from predators, but also environmental factors may cause morphological changes. The increase in water temperature as well as seasonal and chemical changes can also support the formation of different morphs (Gliwicz, 1990; Moore and Folt, 1993; Sakamoto and Hanazato, 2008; Korosi et al., 2013) . The modified morphology can reduce the swimming efficiency and increase the resistance of animals to water turbulence. This seems to be the probable explanation of extreme morphs found in varved lake sediments and other morphs found in non-varved sediments in Lake Tiefer See. It can be supposed that in periods of non-varved sedimentation, the lake water was less transparent and more turbulent, what induced Bosminidae to produce morphs provided with more physical stability and slower movement (Gliwicz and Pijanowska, 1989) . This caused no disadvantage in the case of homogenous distribution of the food due water turbulence. Thus, morphological variations support the survival of individuals in unstable and less favourable biotic and abiotic conditions, which include pressure by predators (invertebrates and fish), temperature, strong water movements and rapid chemical variability.
CONCLUSIONS
The species composition of Cladocera determined in varved and non-varved sediments showed that Lake Tiefer See was a deep water body throughout the Holocene. The lake was often exposed to increased water mixing, especially after 4000 yr cal BP, and this was reflected by the deposition of varved and non-varved sediments and by the production of extreme morphs by the cladoceran species of the family Bosminidae. parison with other studies on subfossil Cladocera in long sediment cores suggests that the production of morphologically variable forms was the mechanism that enabled the zooplanktonic organisms to adapt to changing biotic (pressure of predators) and abiotic conditions (temperature, turbid water). The best lacustrine conditions for the development of fauna occurred during the sedimentation of well varved sediments, which is reflected by the increase of abundance of all species, which are indicators of higher nutrient availability. Increases in the zooplankton frequency and, at the same time, in the lake trophic status coincided with the periods of climate warming in the early and middle Holocene and with the impact of human colonisation during successive phases from the late Neolithic to present day. The comparison of subfossil Cladocera evolution during the entire Holocene in two lakes with laminated sediments, i.e. Lake Tiefer See (Germany) and Lake Gościąż (Poland), outlined significant differences which were responsible for the different Cladocera-inferred reconstruction of the long term trophic evolution of the two lakes. This is noteworthy when considering that the two lakes are located in a similar geographical zone, that both are influenced by oceanic climate regime, and that they are scarcely affected by direct human impact. The meromixis was likely a key factor for the evolution of Lake Gościąż, whereas the frequent water mixing stages were determinant for Lake Tiefer See.
The results provided by the investigation of annually laminated sediments excellent reference material for reconstructing of the past cladoceran dynamics and lacustrine environments, as well as for predicting future ecological trends especially in connection of human impact.
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